Dry eye disease (DED) is a common ocular disorder associated with inflammation of the lacrimal gland and ocular surface. The interaction of the integrin lymphocyte function-associated antigen-1 (LFA-1) with its cognate ligand intercellular adhesion molecule-1 (ICAM-1) is known to have important roles in the interaction of a variety of cells involved in immune responses and inflammation, including those prominent in ocular surface inflammation. Lifitegrast, an LFA-1 antagonist that blocks binding of ICAM-1 to LFA-1, has recently been approved in the United States for the treatment of signs and symptoms of DED. In this review, we evaluate research findings to explore the potential role of LFA-1/ICAM-1 interaction in the pathophysiology of DED, and the evidence supporting LFA-1/ICAM-1 interaction as a rational therapeutic target in DED. The results of our review suggest that LFA-1/ICAM-1 interaction may play important roles in the cell-mediated immune response and inflammation associated with DED, including facilitating the homing of dendritic cells to the lymph nodes, interaction of dendritic cells with T cells and subsequent T cell activation/differentiation, migration of activated CD4 + T cells from the lymph nodes to the ocular surface, reactivation of T cells by resident antigen-presenting cells at the ocular surface, and recruitment and retention of LFA-1-expressing T cells in the conjunctival epithelium. Based on the available evidence, inhibition of LFA-1/ICAM-1 interaction represents a rational targeted approach in treating DED. Notably, inhibition of LFA-1/ICAM-1 binding with lifitegrast offers a novel approach to reducing ocular surface inflammation in this condition.
Introduction

D
ry eye disease (DED) is a common ocular disorder affecting the tears and ocular surface 1 that results in a range of symptoms, including eye pain, dryness, and visual disturbances. Studies have shown that DED exerts a substantial negative impact on the quality of life, function, and work productivity of those affected. 2 Treatment options for DED include artificial tear substitutes, lubricant gels and ointments, topical cyclosporine, corticosteroids, and punctal plugs. However, there remains an unmet need for effective and well-tolerated treatments that alleviate ocular discomfort and address the etiology of ocular surface damage. Recently, lifitegrast ophthalmic solution 5.0% has received approval from the US food and drug administration (FDA) for the treatment of the signs and symptoms of DED in adult patients. Lifitegrast blocks the binding of the cell surface proteins lymphocyte function-associated antigen-1 (LFA-1) and intercellular adhesion molecule-1 (ICAM-1) thereby reducing inflammation in DED.
Inflammation of the lacrimal glands and ocular surface, and the immune response in general, are important factors in the etiology of DED. LFA-1 and ICAM-1 are known to have a role in the immune response, and in this review, we draw on research findings in this area to explore their potential role in the pathophysiology of DED, and the body of evidence supporting LFA-1/ICAM-1 interaction as a rational therapeutic target in this condition.
Immunological Basis of DED
Evidence suggests that DED is an antigen-specific autoimmune inflammatory disease. 3, 4 The immunopathogenesis of DED is hypothesized to involve an inflammatory/immune cycle consisting of afferent and efferent arms. In the afferent arm, when stress to the ocular surface (environmental, endogenous, and/or microbial, in combination with genetic factors) exceeds a certain threshold, it stimulates the production of proinflammatory cytokines (eg, interleukin [IL]-1, IL-6, and tumor necrosis factor-a [TNF-a]), matrix metalloproteinases, and chemokines. The resulting proinflammatory milieu induces the maturation of antigenpresenting cells (APCs), and in particular, dendritic cells resident in the ocular tissue. 3, 4 The specific initiating autoantigen has not yet been identified, but it is hypothesized that mature APCs bearing self-antigen migrate to regional lymph nodes through afferent lymphatic vessels where they prime naive T cells, which then differentiate into the CD4 + T helper cell subsets, T H 1 and T H 17. The effector T H 1 and T H 17 cells migrate through efferent blood vessels to the ocular surface, where they are thought to induce epithelial damage and tear dysfunction via proinflammatory cytokine release. 3, 4 In accordance with this model, central to the immunopathogenesis of DED are CD4
+ T cells and dendritic cells. Robust evidence of the role of CD4 + T cells in DED is provided by a study in which CD4
+ T cells isolated from the cervical lymph nodes of mice with desiccating stressinduced DED were transferred to T cell-deficient nude mice. 5 This transfer was sufficient to induce dry eye-like disease in the ocular surface of recipient mice, even in the absence of desiccating stress. 5 In addition, CD4 + T cells have been shown to be present in lacrimal gland biopsy tissue from patients with Sjögren's syndrome (SS) 6 and in conjunctival biopsy samples from patients with DED. 7 A reduction in activated lymphocytes in the conjunctiva of patients with SS has also been seen with DED treatment. 8 T H 1 cells are well recognized to secrete the proinflammatory cytokines TNF-a, interferon-g (IFN-g), and IL-2, which activate macrophages, 9, 10 and in the case of IFN-g, cause goblet cell dysfunction and death. [11] [12] [13] [14] T H 17 cells secrete the cytokine IL-17, which stimulates the production of other proinflammatory molecules, recruits neutrophils, and has been shown to promote corneal epithelial barrier disruption. 15, 16 Evidence supporting a fundamental role of dendritic cells in DED is provided by a study demonstrating accumulation of mature CD11c + cells (dendritic cells) in the draining cervical lymph nodes within 24 h of desiccating stress-induced DED in mice, and correlation with the formation of autoreactive CD4 + T cells. 17 Furthermore, this study provided evidence that resident APCs in the ocular surface tissue are required for secondary activation of CD4 + T cells in the ocular surface, with local depletion of dendritic cells inhibiting the ability of activated CD4
+ T cells to accumulate in ocular surface tissues. 17 Biology of LFA-1 and ICAM-1
Integrins are cell surface proteins that play important roles in the interaction of a variety of cells, including those of the immune system. Integrins mediate cell-cell and cellextracellular matrix interactions through bidirectional signaling across the plasma membrane. Structurally, integrins are transmembrane heterodimers consisting of 2 noncovalently associated subunits (1 a-and 1 ß-subunit). Each subunit comprises a single transmembrane domain, a large extracellular region, and a generally short cytoplasmic tail. [18] [19] [20] Integrins normally exist in an inactive state, with the extracellular domains in a bent conformation (Fig. 1) . Binding of specific proteins to cytoplasmic domains induces conformational changes that straighten the extracellular domains, thus exposing the ligand-binding site (inside-out signaling; Fig. 1 ). This conformational change allows integrins to bind to extracellular ligands, resulting in transduction of signals from the outside to the inside of the cell (outsidein signaling). Two extended forms exist with intermediate-or high-affinity binding to the ligand, according to the angle between the hybrid and the bI domain ( Fig. 1) . 18, 19, [21] [22] [23] LFA-1 is a member of the b2 family of integrins, expressed on the cell surface of leukocytes, and comprising an aL (CD11a) subunit and a b2 (CD18) subunit. 19 LFA-1 binds with high affinity to ICAM-1, its main ligand, and with lower affinities to ICAM-2 and ICAM-3. 24 ICAM-1 belongs to the immunoglobulin protein superfamily and contains 5 immunoglobulin-like domains. It is expressed on the cell surface of leukocytes, endothelial cells, keratinocytes, and epithelial cells. 25 Typical of ß-integrins, LFA-1 is generally inactive on circulating leukocytes and requires inside-out signals to activate it so that it can bind to ICAM-1. This process has not been fully elucidated but is thought to be initiated by stimuli received by membrane receptors for cytokines and chemokines, or activation of the T cell receptor (TCR) by foreign antigens, leading to the activation of phospholipase C and calcium signaling. Downstream of calcium signaling, the GTPase RAP1 is activated and enables binding of the protein talin-1 to the cytoplasmic ß2 tail of LFA-1, in turn enabling a link between LFA-1 and the cytoskeleton through binding of talin to actin. Kindlin-3 also is thought to bind to the ß2-chain, aiding talin binding. Inside-out signaling leads to conformational changes in the extracellular domains of LFA-1, increasing their affinity for ICAM-1 (Fig. 1) . 18, 19, 26, 27 In addition, several studies show that the distribution of LFA-1 into nanoclusters at the cell surface and their coalescence into macroclusters increases the avidity of binding to ICAM-1 in leukocytes. 28, 29 Binding of ICAM-1 to LFA-1 leads to outside-in signaling, with a number of key molecules for this process already assembled at the plasma membrane following inside-out signaling. 18 Outside-in signaling leads to the transmission of signals from the extracellular domains to the cytoplasm, thus regulating downstream gene expression. 26 Role of LFA-1/ICAM-1 in the Immunoinflammatory Pathway of DED In the following section, we discuss the role that LFA-1/ ICAM-1 interaction plays in the afferent and efferent arms of the immunoinflammatory pathway of DED, represented schematically in Fig. 2 . 
3,4 A role for LFA-1/ICAM-1 in this arm of the immunoinflammatory pathway is supported by studies using experimental models of inflammation, in which blockade with antibodies of ICAM-1 on lymphatic endothelial cells or LFA-1 on dendritic cells decreases dendritic cell migration to the lymph nodes. [30] [31] [32] LFA-1 expressed on dendritic cells is generally functionally inactive, with LFA-1-mediated binding to ICAM-1 lost during differentiation from monocyte precursors. 28, 33 However, in vitro exposure of dendritic cells to the chemokine CCL21 under low shear stress, resembling shear stress in the lymphatics, has been shown to activate LFA-1 and restore ICAM-1 binding capacity.
33
CCL21-CCR7 signaling is necessary for the migration of dendritic cells to the lymph nodes, 34 and these results support a potential link between LFA-1/ICAM-1 and CCL21 in this process. The authors also extended their study in vivo, demonstrating that the active form of LFA-1 was upregulated in tumor antigen-loaded mature dendritic cells that had migrated into the lymph nodes of patients with melanoma. 33 Further evidence of the role of LFA-1/ICAM-1 in the migration of dendritic cells to lymph nodes during inflammation is provided by a study, in which imaging techniques were used to demonstrate a strong ICAM-1 presence on the lymphatic endothelial cell surface of inflamed mouse dermal tissue in contact with incoming dendritic cells during their transmigration into lymphatics. 35 Compared with noninflamed samples, there was a 4-fold increase in the number of adhered dendritic cells surrounded by ICAM-1-rich structures in inflamed samples, which was blocked when dendritic cells were pretreated with an antibody targeting LFA-1. 35 
Role of LFA-1/ICAM-1 in the Efferent Arm of the DED Immunoinflammatory Pathway
In the efferent arm of the DED immunoinflammatory pathway, naive T cells are primed in the lymph nodes through interaction with dendritic cells and differentiate to T H 1 and T H 17 effector cells. 3, 4, 36 These activated CD4 + effector T cells migrate from the lymph nodes to the ocular surface and lacrimal glands, where they exert inflammatory effects. LFA-1 and ICAM-1 may have roles at each step in this pathway, including T cell activation in the lymph node, T cell migration, and potentially secondary activation of T cells at the ocular surface.
T cell activation in the lymph node
T cell activation is mediated by the interaction of naive T cells with dendritic cells and other APCs, and involves the TCR-mediated recognition of antigenic peptide complexed with major histocompatibility complex (MHC) molecules on the surface of APCs. Costimulation signals between molecules on the membranes of the APC and T cell also are required for effective T cell activation. LFA-1/ICAM-1 is not considered to provide a conventional T cell costimulation signal, but rather to act as an enhancer of TCR signaling. 37 T cells and APCs make initial contact through transient low-affinity interactions to mediate T cell scanning for specific antigens on the cell surface of APCs. Several receptor-ligand pairs of adhesion molecules are involved in this process, including LFA-1/ICAM-1, CD2/LFA-3, and LFA-1/ICAM-3. 38, 39 These molecules tether T cell and APC membranes and facilitate TCR-MHC interactions. LFA-1/ ICAM-1 also plays a role in sustaining longer lasting T cell-APC interactions through the formation of the immunological synapse (Fig. 3) . Initially, the immunological synapse consists of an outer ring of TCR-peptide-MHC surrounding a central cluster of LFA-1/ICAM-1 interactions. This later inverts so that the LFA-1/ICAM-1 interactions, termed the peripheral-supramolecular activation cluster, form a ring around the TCR-peptide-MHC cluster. The LFA-1/ICAM-1 interaction may provide stability for the formation of the immunological synapse, allowing it to enhance T cell sensitivity to the antigen. 39, 40 A number of in vitro studies using human T cells suggest that the LFA-1/ICAM-1 interaction promotes the differentiation of naive T cells specifically to T H 1 cells (relative to T H 2), one of the key effector cell types in DED. In these studies, stimulation of human T cells through the coreceptor CD3 plus costimulation of LFA-1 and/or ICAM-1 increased secretion of the T H 1 cytokines IL-2 and IFN-g, but not the T H 2 cytokines IL-4 or IL-5. [41] [42] [43] In another study, nonspecific stimulation of human T cells with staphylococcal enterotoxin A in combination with ICAM-1 costimulation was shown to induce production of IL-2, IFN-g, and TNF, but to inhibit production of the T H 2 cytokine IL-10. 44 Moreover, IL-2 production was blocked by monoclonal antibodies against ICAM-1 or LFA-1. 44 These results highlight the importance of LFA-1/ICAM-1 in the T H 1 immune response, which is generally involved in proinflammatory responses and autoimmune diseases in which cell-mediated immunity dominates.
T cell migration to the ocular surface ICAM-1 is important for the migration of lymphocytes from the blood across the vascular endothelium into lymph nodes or inflamed tissues (eg, the ocular surface in DED). During inflammation, ICAM-1 expression is upregulated by proinflammatory cytokines on vascular and lymphatic endothelial cells, as well as other tissue cells, 31, [45] [46] [47] and the expression of ICAM-1 has also been shown to be increased in the vascular endothelium of patients with DED. 7 The process by which lymphocytes adhere to the endothelium during inflammation is termed the leukocyte adhesion cascade. This involves the upregulation of a number of adhesion molecules on the T cell surface, which bind E-or P-selectin expressed by the endothelium, thus reducing the speed of the T cells, which subsequently roll along the vascular wall. 48 The LFA-1/ICAM-1 interaction plays a role in the firm adhesion of T cells to the endothelium, followed by transmigration of T cells across endothelial cells via intracellular signals that lead to cytoskeletal changes necessary for cell movement. 48, 49 Active LFA-1 on T cells signals the remodeling of the F-actin cytoskeleton, which is essential for T cell adhesion to ICAM-1. 50 
T cell activation in the ocular surface
Once in the ocular surface, there is evidence that CD4 + cells may require secondary activation by resident APCs to maintain effector function. 17 Given the role of LFA-1/ ICAM-1 in mediating the T cell-dendritic cell interaction, it is reasonable to assume that LFA-1/ICAM-1 could have a role in T cell activation at the ocular surface, which may further promote the release of proinflammatory cytokines from either the T cells or APCs. However, further research is needed to elucidate the mechanisms and specific cell interactions that are involved.
Recruitment of LFA-1-expressing T cells to the conjunctival epithelium
The expression of various immunomodulatory molecules has been shown to be increased in the ocular tissues of patients with DED or SS, 6, 7, [51] [52] [53] [54] and several studies demonstrate upregulation of ICAM-1 expression. 7, 55, 56 For example, increased protein expression of ICAM-1 was demonstrated in conjunctival biopsy samples taken from patients with SS or non-SS DED on conjunctival epithelial cells, vascular endothelial cells, and infiltrating lymphocytes in the substantia propria. 7 In a second study, increased ICAM-1 immunoreactivity was observed in conjunctival epithelial cells and there was a >3-fold increase in ICAM-1 gene transcripts in the conjunctival epithelium of patients with SS compared with controls. 56 A third study also demonstrated increased protein and messenger RNA expression of ICAM-1 in lacrimal and conjunctival epithelial cells from patients with DED. 55 In this study, 55 increased ICAM-1 protein expression in lacrimal/conjunctival epithelial cells and LFA-1 protein expression in infiltrating lymphocytes were demonstrated in MRL/lpr mice, which have systemic autoimmune disease that causes SS-like ocular and lacrimal gland inflammation. The authors further investigated the effects of ICAM-1 and LFA-1 inhibition in these mice and found that intraperitoneal administration of monoclonal antibodies targeting ICAM-1 and LFA-1 resulted in a reduction in the number of inflammatory infiltrates in the lacrimal glands. 55 Notably, the greatest inhibition of cellular infiltration in the conjunctiva was achieved with the administration of a combination of monoclonal antibodies against ICAM-1 and LFA-1, rather than the use of either anti-ICAM-1 or anti-LFA-1 antibody alone. Taken together, these results suggest a potential role of LFA-1/ICAM-1 in the recruitment and retention of LFA-1-expressing T cells to the epithelial cells of the conjunctiva, where they could induce damage via proinflammatory cytokine release.
Targeting LFA-1/ICAM-1 Interaction in DED
On the basis of the role of LFA-1/ICAM-1 in inflammation and the immune response, several drugs targeting LFA-1/ICAM-1 binding have been investigated systemically as anti-inflammatory agents, including efalizumab for psoriasis and lovastatin for rheumatoid arthritis. 57 Lifitegrast, an LFA-1 antagonist, is the first agent targeting LFA-1/ICAM-1 to be approved for the topical treatment of DED. 36, 58, 59 Lifitegrast is thought to act as a direct competitive antagonist of the binding of ICAM-1 to LFA-1. 36 In experiments using a live cell lipid bilayer assay 60 to mimic the binding of ICAM-1 to LFA-1, lifitegrast inhibited immunologic synapse formation in a dose-dependent manner. 61 In addition, lifitegrast has been shown to inhibit T cell attachment to ICAM-1 and cytokine release from stimulated human peripheral blood mononuclear cells. 58 We speculate that lifitegrast may have potential to act on both the afferent and efferent arms of the immunoinflammatory pathway in DED. Lifitegrast has high aqueous solubility and has demonstrated rapid absorption into the conjunctiva, cornea, humor, and sclera following ophthalmic administration of a single dose in a rat model. 62 Thus, in the afferent arm, lifitegrast may block LFA-1/ICAM-1 interaction between dendritic cells in the ocular surface and endothelial cells of the lymphatic vessels, thereby inhibiting transendothelial migration and homing of dendritic cells to the draining lymph nodes. In the efferent arm, lifitegrast may inhibit migration of activated T cells from conjunctival blood vessels into the conjunctiva, their secondary activation in the ocular tissues, and their recruitment and retention in the conjunctival epithelium. It is possible that lifitegrast also has a direct inhibitory effect on cytokine release from T cells. 58 Following ophthalmic administration of lifitegrast in humans, it is cleared rapidly from the systemic circulation; however, it is transiently present in the plasma (peak plasma concentration in humans is detected within 5 min). 59 Therefore, in the efferent arm, lifitegrast also may inhibit OPUS-2, 65 OPUS-3 (NCT02284516; publication in development), and the long-term, randomized, double-masked safety study SONATA. 66 In the Phase 2 and OPUS-1 trials, lifitegrast showed significant improvement from baseline to day 84 versus placebo in the sign endpoint of inferior corneal staining score (Phase 2: secondary endpoint, nominal P = 0.0209; OPUS-1: coprimary endpoint, P = 0.0007). In the OPUS-2 and OPUS-3 trials, lifitegrast-treated participants experienced significantly greater improvement from baseline to day 84 in the symptom endpoint of eye dryness score (visual analogue scale) versus placebo (OPUS-2: coprimary endpoint, P < 0.0001; OPUS-3: primary endpoint, P = 0.0007). In all of the trials, lifitegrast was generally well tolerated. 67 Following the recent FDA approval of lifitegrast for the signs and symptoms of DED, it will be of interest to further evaluate the utility of the drug in clinical practice and over longer term follow-up.
Conclusions
The LFA-1/ICAM-1 integrin receptor-ligand pair may play an important role in the cell-mediated immune response and inflammation associated with DED. Research findings support potential functions of the LFA-1/ICAM-1 interaction in both the afferent and efferent arms of the DED immunoinflammatory pathway, and based on the available evidence, inhibition of LFA-1/ICAM-1 interaction represents a rational targeted approach in treating DED. Blocking the binding of LFA-1 to ICAM-1 with lifitegrast shows promise in the treatment of DED 67 and offers a novel approach to targeting ocular surface inflammation in this condition.
